A detailed study has been carried out on γ ′ (AlAg 2 ) precipitates in Al-Ag and Al-AgCu alloys to reconcile the conflicting reports on chemical ordering and stacking faults in this phase. High angle annular dark field scanning transmission electron microscopy and convergent beam electron diffraction show no indication of chemical ordering on alternate basal planes of γ ′ precipitates in alloys aged at 473 K for 2-23 h. Precipitates were visible as Ag-rich regions with 1-13 fcc→hcp stacking faults, corresponding to γ ′ platelets with thicknesses ranging from 0.69-6.44 nm. There were no systematically absent thicknesses. Growth ledges with a riser height equal to the c-lattice parameter (0.46 nm) were directly observed for the first time. Genuine stacking faults within the precipitates were extremely rare and only observed in thicker precipitates. In precipitates with 1-3 stacking faults there was also substantial Ag in the surrounding fcc layers of the matrix, indicating that Ag strongly segregated to the broad, planar precipitatematrix interfaces. This segregation is responsible for previous reports of stacking faults in γ ′ precipitates. The results indicate that the early stages of γ ′ precipitate growth are interfacially controlled.
Introduction
The γ ′ (AlAg 2 ) phase is a well-studied intermetallic phase which precipitates in Al alloys and has been used as a model system to study nucleation [1] [2] [3] [4] [5] , ledge-wise growth [6] [7] [8] [9] [10] and interface structure and energetics [11] [12] [13] . Despite this extensive body of work, questions remain regarding the existence or extent of chemical ordering and the nature of stacking faults widely reported in this phase [14] [15] [16] [17] .
The γ ′ phase can be produced by quenching an Ag-containing Al alloy from high temperatures to produce a supersaturated solid solution. Heating this solid solution to an intermediate temperature (a process termed "ageing") results in the gradual precipitation of plate-shaped γ ′ precipitates on the {111} planes of the Al matrix.
impurity levels were measured by inductively-coupled plasma atomic emission spectrometry. Impurity levels were low, with Fe present at 0.025 wt.% and Si at 0.01 wt.%. The Ni content was 0.01 wt.% with other elements (Cu, Zr, Ti, Mn, Mg) present at levels of < 0.005 wt.%. Billets were homogenised (798 • C, 168 h) then hot-rolled (to 2 mm thickness) and coldrolled to produce 0.5 mm thickness sheet. Discs (3 mm diameter) punched from the sheets were solution-treated (525 o C, 0.5 h) in a nitrate/nitrite salt pot and then quenched to room temperature in water.
Solution-treated samples of Al-Ag alloy were aged in an oil bath 473 K for 2-23 h and quenched into water. Al-Ag-Cu alloys were aged for 2-4 h under the same conditions. The aged discs were mechanically thinned and then twin-jet polished to perforation using a nitric acid/methanol solution (∼13 V, 253 K in 33% HNO 3 /67%CH 3 OH v/v). Discs were plasmacleaned immediately prior to examination.
Foils were examined using a FEI Titan 3 80-300 microscope operating at 300 kV. High angle annular dark field scanning transmission electron microscope (HAADF-STEM) images were obtained using a convergence semi-angle of 15 mrad, providing a spatial resolution of ≈ 1.2Å, using an inner collection angle of 40 mrad.
The HAADF-STEM images were compared with images calculated by a multi-slice method using a frozen phonon approach to incorporate thermal diffuse scattering [23] . The simulations used the γ ′ structure proposed by Neumann, with a slice thickness of 1.4Å and a maximum thickness of 700Å. Atomic sites in the simulated structures were randomly occupied within each layer and alternate layers had compositions of Ag 2 Al and AgAl 2 . These were compared with simulations in which all layers had identical compositions.
Image analysis was carried out using ImageJ software (version 3.6322U2011). Simulated images were scaled linearly to the same dynamic range as the HAADF-STEM images. The contrast in simulated images was then adjusted to match the contrast of the experimental images by modifying the gamma correction value (Γ). The adjusted intensity (I ′ ) was given by I ′ = I 1/Γ . Except where otherwise stated, all experimental and simulated images presented were adjusted for brightness and contrast in this manner, with no other manipulations.
Convergent beam electron diffraction (CBED) was performed in STEM mode using a JEOL 2100F instrument operating at 200 kV, with a 0.5 nm probe. CBED maps were obtained using the Diffraction Imaging plug-in of Gatan DigitalMicrograph software on foils aged for 23 h at 473 K.
Results

HAADF-STEM imaging
The γ ′ precipitates are readily visible in HAADF-STEM images, due to the strong atomic contrast of Ag compared to Al. γ ′ precipitates in the Al-Ag-Cu alloys form in complex assemblies along with θ ′ precipitates. For ageing times of 2-4 h, the γ ′ precipitates are identical in appearance to those in the binary alloy. However, the presence of θ ′ precipitates disrupts the growth of the γ ′ phase [24] and for ageing times of ≥4 h, few γ ′ precipitates are observed.
Throughout this work the local structure is described in terms of the stacking sequence for a given close-packed plane; hcp for the γ ′ precipitate and fcc for the Al matrix. In addition, the precipitate-matrix interface is coherent and the matrix layers in contact with
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Bourgeois the precipitate are denoted "fcc/hcp" to highlight the fact that such layers are common to both the precipitate and matrix. In keeping with our previous work [3] the thickness of the γ ′ precipitates is described in terms of the number of fcc→hcp stacking faults. This allows a clear distinction to be drawn between the thickness of the precipitate itself and the size of the region which is enriched in Ag. This distinction is central to the discussion of solute segregation in the following sections.
In foils of Al-Ag and Al-Ag-Cu aged for 2-4 h at 473 K, HAADF-STEM images show that the majority of precipitates contain either 1 or 2 fcc→hcp stacking faults (hereafter denoted as 1-2c(γ ′ )). In foils aged for 23 h, precipitates containing up to 13 stacking faults (i.e. 13c(γ ′ )) are observed. The precipitate thickness are measured for all ageing times for both alloys and it is noted that all integer values of thickness (number of stacking faults) are present i.e. there are no systematically missing thicknesses. Figure 1 shows representative HAADF-STEM images of precipitates with thicknesses ranging from 1-12c(γ ′ ).
2 For precipitate thickness of 1-3c(γ ′ ) Ag appears to be heavily enriched outside the hcp region (Figures 1(a)-1(c) ). This can be most clearly seen for the precipitate in Figure 1 (a). A single stacking hcp→fcc stacking fault produces only 2 hcp close-packed layers and 2 interface fcc/hcp layers, yet there is strong atomic contrast due to Ag across 6 close-packed layers. This indicates Ag segregation to the matrix-precipitate interface and is discussed in further detail in Section 3.3.
For precipitates of 3c(γ ′ ) and 12c(γ ′ ) thickness (Figures 1(c),1(f)) the matrix is commensurate and atomic columns on either face of the precipitate are well aligned. If the image is viewed at a glancing angle, it can be seen that lines drawn along atomic columns on one side of the image fall along atomic columns on the opposite face of the precipitate. For precipitates with thicknesses of 1, 2, 4 and 7 c(γ ′ ) the matrix is incommensurate and this is not the case. Since the planar interfaces remain coherent with the matrix, this indicates that the lateral displacements associated each unit cell of the γ ′ phase are self-accommodated for 3n c(γ ′ ) [3] where n is the number of stacking faults. Growth ledges are uncommon, but those which are observed invariably have a ledge riser height equivalent to one unit cell of γ ′ . Figure 2 shows examples of ledges on precipitates with thicknesses of (a) 5c(γ ′ ) and (b) 12 c(γ ′ ). In all cases where ledges were observed the precipitate thickness was greater at the centre than the edge, suggesting that ledge nucleation occurs near the centre of the precipitate. Lines drawn along atomic columns indicate that the precipitate in Figure 2 (a) is commensurate at the centre (i.e. thickness=6c(γ ′ )) and incommensurate close to the edge (where thickness=5c(γ ′ )). The semi-coherent edges of the precipitate in Figure 2 (b) have a saw-tooth pattern with a total of four ridges present (marked by asterisks in the figure). The hexagonal features present at each ridge probably indicate the core of Shockley partial dislocations, one of which should be parallel to the electron beam direction in every third unit cell. The spacing between the uppermost ridges and the adjacent ridges is ∼1.4 nm, corresponding to 3c(γ ′ ). A similar separation exists between the lower ridge and the adjacent ridge. However, the spacing between the central pair of ridges is 4c(γ ′ ). This is related to a change in structure occurring at the central plane of the precipitate in Figure 2 (b) (indicated by an arrow in the figure) which shows noticeably stronger contrast than the surrounding planes. This plane (indicated by an arrow in the figure) is the site of a single hcp→fcc stacking fault, which is Analysis of intensity profiles of the HAADF-STEM images shows no evidence of longrange order within γ ′ precipitates for ageing times up to at least 23 h at 473 K. This can be seen most clearly by examining line profiles of the HAADF-STEM intensity across the precipitate, as is done in Figure 3 . Line profiles were drawn normal to the precipitate matrix interface, using an integration width of 0.8 nm. The figure shows representative intensity profiles for precipitates with thicknesses ranging for 1 to 13 c(γ ′ ). Each profile has been linearly scaled from 0 to 1 in order to show the relative HAADF intensity across the precipitate. There are slight fluctuations between the intensity of adjacent layers; however, there are no systematic alternations in the intensity that would indicate layers of higher or lower Ag content. The intensity profiles in Figure 3 also show the greater-than-expected thickness of the Ag-enriched region, as noted in Figure 1 .
Stacking faults in γ ′ precipitates
Changes in the stacking sequence are readily identifiable in the HAADF-STEM images.
Representative micrographs illustrating this are provided in Figure 4 . For precipitates of thickness greater than 3-5c(γ ′ ) there is a clear change in stacking sequence coinciding with the Al-γ ′ compositional interface (i.e. where the image contrast, and hence composition, changes most rapidly). Figure 4 (a) shows the matrix-precipitate interface of a γ ′ precipitate of thickness 7 c(γ ′ ). The change in stacking from hcp (AB) in the precipitate to fcc in the matrix (ABC) coincides precisely with the compositional change evident in the HAADF-STEM contrast. The outermost Ag-rich B layer is common to both crystal structures (such layers are described as "fcc/hcp" to denote this).
In precipitates with 1-3 stacking faults the compositional interface is not coincident with
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Chemical order and segregation in γ Deviations from the hcp stacking sequence within the precipitates are extremely rare and only observed for thicker precipitates. Figure 4 (c) shows one example taken from the central region of the precipitate shown in Figure 2 (b). As noted previously, the mid-plane of the precipitate (indicated by an arrow) is somewhat stronger in atomic contrast than the surrounding layers. Inspection of the micrograph reveals that this plane is also the site of a stacking fault, with the stacking sequence changing from A-B above the fault to B-C below this plane.
Chemical ordering and silver segregation
Multi-slice image simulations were performed in order to determine firstly, whether long-range order of Ag and Al should be discernible under the present experimental conditions, and secondly whether the bright columns in fcc regions adjacent to γ ′ are due to Ag segregation or electron scattering effects.
Of the two proposed structures for the γ ′ precipitate, Neumann's model [18] which is comprised of Ag 2 Al and AgAl 2 layers has less atomic number difference between alternate Author accepted manuscript 7
Chemical order and segregation in γ layers than the structure consisting of Ag 2 Al and Al layers proposed by Howe [7] . The average atomic numbers for the layers in the Neumann structure are 35.7 and 24.3 (a ratio of 1.48:1), whereas for the Howe structure the average atomic numbers are 35.7 and 13 (a ratio of 2.74). This will result in less atomic contrast between layers for the Neumann structure and should provide a more rigorous test of the sensitivity of HAADF-STEM to chemical order in γ ′ precipitates. Simulated HAADF-STEM images of a 2c(γ ′ ) precipitate plate embedded in an aluminium matrix are provided in Figure 5 . The figure compares an experimentally-obtained image with a series of multi-slice simulations for foil thicknesses of 14-70 nm. The maximum foil thickness was selected based on position-averaged CBED patterns obtained in STEM mode. A comparison between these images and simulated CBED patterns indicates thicknesses of ≤ 70 nm. The precipitate is assumed to have the full thickness of the foil. Simulations calculated with the Neumann model ( Figure 5(a) ) predict strong differences in contrast between alternate basal planes for foil thickness, which do not appear in the experimentally-obtained micrograph. Simulations calculated with a disordered structure ( Figure 5(b) ) produce images that more closely match the experimental image.
Line profiles of HAADF-STEM intensity normal to the habit plane for ordered and disordered structures are provided in Figures 5(c) and 5(d). After linear scaling and gammacorrection, the simulations reproduce the peak intensity for Al and high Ag layers with good accuracy, although the intensity in the troughs between Ag columns is greater in the experimental image, possibly due to detector noise. The simulated foil thickness and Ag occupancy is indicated for each profile and it is clear that low Ag (occupancy of 0.33) layers in Figures 5(c) should be readily distinguishable, suggesting that long-range order should be clearly resolvable in the present instrumentation. On this basis, the HAADF-STEM images indicate that the γ ′ precipitates do not have long-range ordering of Ag on alternating basal planes.
Intensity profiles for the disordered structure ( Figures 5(d) ) compare well with the experimental image, except at the matrix layers immediately adjacent to the precipitate, where the measured intensity is well in excess of that expected from the simulations. Additional
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Chemical order and segregation in γ simulations examine whether this additional HAADF-STEM intensity at the interface is due to Ag segregation to the γ ′ precipitate. Two models for segregation are considered, using the disordered model in Figure 5 (b) as a basis. In the first, "monolayer" model the matrix layer adjacent to the precipitate is given an Ag occupancy of 0.333, half of that in the precipitate. The second, "bilayer" model mimics more diffuse segregation. The fcc layers adjacent to the precipitate is given an Ag occupancy of 0.33, and the following layer has an Ag occupancy of 0.167.
The simulations including the effect Ag segregation to the precipitate are shown in Figure 6 . The figure compares an experimentally recorded image of the precipitate-matrix interface of a 3c(γ ′ ) precipitate (Fig 1(a) ) with simulations using monolayer and bilayer segregation. Simulations with monolayer segregation are shown in Figure 6(a) . The corresponding intensity profiles provided in Figure 6 (c) show that this model for Ag segregation compares well with the experimental data. An enlarged inset shows the region corresponding to the fcc layer adjacent to the precipitate. The experimental profile is close to the simulated profile for a foil thickness of 70 nm. Simulations with bilayer segregation (Figure 6(b) ) have a broader, more diffuse interface than in the experimental image. The intensity profile in Figure 6 (d)) shows this as greater HAADF-STEM intensity in the second fcc layer adjacent to the precipitate. This is shown in greater detail in the enlarged inset which shows significantly greater HAADF-STEM intensity for simulations of all thicknesses than for the experimentally recorded micrographs. This implies that Ag segregates to the γ ′ precipitates, but that the segregation is essentially limited to a monolayer adjacent to the precipitate.
The apparent thicknesses of precipitates varied considerably between precipitates having the same number of fcc→hcp stacking faults. Figure 7 compares two precipitates, each of which has two fcc→hcp stacking faults, but with different apparent thicknesses. The precipitate in Figure 7 (a) shows strong and near-equal intensity over six close-packed planes, with a slight increase in intensity in the adjacent fcc layer compared to the bulk matrix. Figure 7 (b) shows a precipitate with much more stronger intensity in these adjacent fcc layers (indicated by arrows). Intensity profiles for the two precipitates are provided in Figure 7 (c) and show the additional intensity in (b) as distinct peaks of high, but unequal intensity. This indicates that the extent of Ag segregation to the γ ′ phase can differ between precipitates, possibly due to local availability of solute.
The extent of Ag segregation to the precipitates was also measured by plotting the HAADF-STEM intensity normal to the coherent interface and comparing this to the width of the hcp region. The apparent thicknesses of the precipitates (defined as the full-width half-maximum (FWHM) of the high intensity region in HAADF-STEM micrographs) is plotted against the number of stacking faults in Figure 8 . Dashed lines in the figure indicate the width of the region with hcp stacking for a given number of stacking faults. For n fcc→hcp stacking faults there are 2n hcp layers. The width of this hcp region is therefore (2n − 1) times the layer spacing of 0.23 nm. If the coherent interface ("fcc/hcp") layers on either side of the hcp region are included, the maximum width is (2n + 1) times the layer spacing.
The FWHM thickness of precipitates with 1-3 stacking faults is substantially greater than the width of the hcp region, even including the two common fcc/hcp layers. This is most apparent for single faulted precipitates, where the average experimental FWHM value is greater by approximately 0.5 nm. The thin dashed line on the plot shows a linear fit to the data for precipitate with ≤6 stacking faults which converges with the width of the hcp region at approximately 5c(γ ′ ). Precipitates with ≥7c(γ ′ ) have FWHM thickness that generally lie close to the width of the hcp region.
Chemical order and segregation in
(c) Intensity profile for monolayer Ag segregation 
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Chemical order and segregation in γ Analysis of the HAADF-STEM profiles therefore indicates variable but quite substantial Ag occupancy in one fcc layer at the planar γ ′ -Al interface, with the segregation gradually diminishing in intensity as the precipitates thicken. The precipitate CBED pattern in Figure 9 (c) shows no significant diffracted intensity for (0001) γ ′ reflections, the presence of which would be a strong indication of compositional variations between adjacent basal planes. Therefore the CBED observations are consistent with the HAADF-STEM imaging and simulations in revealing a lack of chemical long-range order within the precipitates.
Discussion
Solute segregation
The micrographs shown in this work highlight the difficulty in unambiguously defining the thickness of the γ ′ precipitates. This arises from the similarity between the fcc and hcp structures (which are interchangeable via the introduction of stacking faults) and the coherence of the matrix-precipitate interface.
Throughout this work, the thickness of the γ ′ precipitates is deliberately defined by the number of changes in stacking sequence required to produce the local structure from a pure fcc matrix. This structure-based definition allows the thickness of the Ag-enriched region to be compared with the local stacking sequence. Figure 10 illustrates this schematically for precipitates with 1, 2, 3 and n stacking faults.
Density functional theory calculations of Ag close to a stacking fault in Al [2] showed that the lowest energy sites for Ag were those with hcp stacking (i.e. the adjacent layers have identical stacking, for example a "B" layer sandwiched between two "A" layers). A single fcc→hcp stacking fault (Figure 10(a) ) results in the formation of two hcp layers. The addition of a further stacking fault in (Figure 10(b) ) generates an additional 2 close-packed layers with hcp structure and an arbitrary number of such faults there will generate 2n closepacked layers with hcp structure (Figure 10(d) ). Regardless of the size of the precipitate the two surrounding layers are common to fcc and hcp structures; however these should not be assumed to be energetically equivalent to the hcp layers.
The existence of both hcp layers and interface fcc/hcp layers makes it difficult to clearly define the thickness of the precipitate based solely on the width of the Ag-enriched region. For example, for a single stacking fault (Figure 10(a) ) there are 2 hcp layers and 2 interface fcc/hcp layers. This would seem to permit a γ ′ precipitate of thickness of between 2 and 4 layers (i.e. 0.5 and 1.5 times the c-lattice parameter). However, HAADF-STEM images of single stacking-fault (1c(γ ′ )) precipitates (e.g. Figure 1 (a)) show strong intensity over 5-6 atomic layers, indicating that there is also substantial Ag in fcc atomic layers. The width of this Ag-enriched zone cannot, therefore, be explained by the presence of the γ ′ precipitate alone. The image simulations in Figure 5 indicate that this does not result from intensity transferred from the precipitate atomic columns. The number of atomic layers exhibiting
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Chemical order and segregation in γ stronger intensity can be reproduced by simulations which include partial Ag occupancy in the close-packed fcc layers at the interface ( Figure 6 ) and hence it is taken as good evidence of Ag segregating to the broad coherent interfaces of the precipitate. This effect is most clear for precipitates with 1-3 stacking faults and appears to diminish with increasing precipitate thickness (See Figure 8) 
Long-range order
There is no measurable long-range chemical order in alternate basal planes of γ ′ precipitates in alloys isothermally aged at 473 K. Multi-slice image simulations indicate that HAADF-STEM is highly sensitive to local composition and should be readily capable of detecting long-range chemical order in Neumann-structure γ ′ precipitates for foil thickness ≥ 15 nm. Simulated intensity profiles for the ordered Neumann structure ( Figure 5 ) are sensitive to layer composition and the intensity alternates between high and low values. Despite this, in experimentally obtained HAADF-STEM profiles, Ag-rich columns all have relative intensities of 0.94-1.0, with only slight fluctuations in the intensity of adjacent basal planes and no systematic intensity changes. Together with the lack of diffracted intensity for the ±0001 diffracted discs in CBED this is strong evidence that the structure lacks long-range order. This is consistent with studies using X-ray radiation which reported compositional differences of ≤1.5%Al between adjacent basal planes [18] .
It has been proposed that the appearance of alternating contrast in HRTEM studies [11] could arise from localised strains around the precipitates [21] . However, it should be noted that the high-resolution studies reporting alternating strong and weak contrast on basal planes were conducted on alloys aged at 623 K. Further investigation on γ ′ precipitates aged at this temperature would be required to determine whether the reported ordering might arise from a kinetic effect at higher temperatures.
Stacking faults
Genuine hcp→fcc stacking faults are rarely observed in γ ′ precipitates and are seen only in thicker precipitates, such as the example shown in Figure 4 (c). The rarity of such faults is in contrasts to the high fault densities reported previously [14] [15] [16] [17] .
Earlier reports of stacking faults in γ ′ precipitates can be explained by the presence of an Ag atmosphere around the hcp region of the γ ′ precipitates, as noted in Figures 1 and 4 (b) and the simulations in Figures 5 and 6 . Classically, the solute level around a precipitate is less than in the bulk matrix (See, for example [8] ), however, ab initio studies indicate that Ag segregates preferentially to hcp sites [2] . Furthermore, solute segregation to γ ′ precipitates was noted by Osamura et al. who reported Ag levels of 0.14 at.% close to 1-2 layer γ ′ precipitates, compared to a concentration of 0.066 at.% Ag in the matrix [20] .
The Ag level in the interface region is not reported quantitatively here as this would require careful thickness measurements and STEM detector calibration. The non-stoichiometric composition of the precipitate [8, 20] would be a further complication. However, the HAADF-STEM intensity profiles suggest that for precipitates of thickness ≤ 3c the level of Ag adjacent to the hcp regions may be around half that of the precipitate.
The Ag-rich interface region could be considered as a stacking fault in the outer layers of the γ ′ precipitate and would indeed appear to be so in diffraction. However, there is no boundary dislocation separating the Ag-rich fcc region from the matrix and it is more valid to regard these layers as Ag segregation to a purely hcp γ ′ precipitate. The separation of the Ag-rich interface layers is in agreement with the stacking-fault spacing reported in γ ′ precipitates. In precipitates of thickness 1-2c(γ ′ ), the Ag-rich fcc layers are separated by 5-6 atomic layers (0.92-1.15 nm). This is in good agreement with a fault spacing of 1 nm reported in thin precipitates [14, 15, 17] . Moreover, since these layers are only present at the broad precipitate-matrix interfaces, their spacing will increase as the precipitate thickens, explaining Nicholson and Nuttings' observation that the average fault spacing increased with the precipitate thickness [16] .
It appears surprising that the Ag-rich interface layers have the fcc structure, especially since Ag has been shown to lower the local stacking fault energy in Al [25] . However, it should be noted that the γ ′ precipitates are likely to have non-stoichiometric compositions and that the hcp structure only becomes preferred for 50-90 at.% Ag [25] . If the precipitate (and surrounding Ag-rich interface layer) have compositions similar to previous analyses [8, 20] it would explain why the Ag-segregated interface layers retain the fcc structure.
Growth mechanism and kinetics
The results provide valuable insight into the growth mechanism and kinetics of γ ′ phase precipitation. The growth of large γ ′ precipitates in Al-22at.%Ag has been shown to be diffusion-controlled with solute depletion at the broad interfaces [8, 26] . However, a dramatically different situation exists for 1-3c(γ ′ ) thickness, which are surrounded by Ag concentrations possibly up to half the Ag level in the precipitate itself (See Figure 6 ). This clearly indicates that growth is not limited by the supply of solute and must instead be controlled by the rate at which the solute crosses the matrix-precipitate interface, that is, interfacially controlled growth.
The Al-γ ′ interface migrates via the nucleation and propagation of ledges on the broad, planar faces of the precipitates [6] [7] [8] [9] [10] . Earlier studies indicated ledge heights or 2, 4 or 6 unit cells [6, 10] ; however growth via single unit cell ledges has also been proposed based on the observation of γ ′ precipitates with thickness of 1, 2, and 3c(γ ′ ) [3] . The HAADF-STEM images and intensity profiles reported in this work (Figures 1-3) support the latter proposition, showing a series of γ ′ precipitates with thickness increasing in integer multiples of the unit cell thickness up to 12c(γ ′ ). Furthermore, single unit cell ledges are imaged for the first time ( Figure 2 ) and it seems clear that growth initially occurs via single unit cell ledges. This will introduce an additional shear strain energy barrier to ledge nucleation when the shear strains are not self-accommodating (i.e. whenever the number of hcp→fcc stacking faults is not a multiple of 3) [3] .
The high coherency and low interfacial energy [13] of the γ ′ -Al interface make the nucleation of single unit cell ledges unfavourable and the scarcity of ledges in precipitates of 1-12c(γ ′ ) suggests that ledge propagation is rapid compared to nucleation. It is probable, therefore, that interface migration during the early stages of γ ′ phase growth is controlled by the nucleation rate of new ledges.
Conclusions
1.
A semi-quantitative analysis of HAADF-STEM images showed no evidence of systematic long-range chemical order within γ ′ precipitates isothermally aged at 473 K for 2-23 h. A comparison between image simulations and experimental images suggests that variations in composition between adjacent layers are non-systematic in nature and negligible in amount. The absence of (0001)γ ′ reflections in CBED also indicates that there is no measurable compositional difference between adjacent basal planes.
2. For precipitates with 1-3 fcc→hcp stacking faults the thickness of the Ag-enriched region is commonly considerably wider than the size of the hcp region. Image simulations indicate that this is not due to some of the scattered intensity spilling over from neighbouring atomic columns. Simulations with partial Ag occupancy in 1 fcc layer at the matrix-precipitate interface showed similar broader, diffuse interfaces and it is concluded that this indicates Ag segregation to the precipitates in the early stages of growth. This appears to be confined to one fcc layer on the broad coherent interfaces and generates an interface that is structurally well-defined, but compositionally diffuse.
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4. The γ ′ phase nucleates as single unit-cell thickness platelets (structurally equivalent to a single, Ag-enriched stacking fault) and thickens via the nucleation and growth of ledges with a height equal to one unit cell of γ ′ . Ledges are uncommon, even on thicker precipitates, suggesting that ledge nucleation is slow relative to the lateral propagation of the ledges.
Growth of γ
′ precipitates via ledges of single unit cell riser height requires that precipitates progress through stages in which the transformation strain is not self-accommodated, which may contribute to the slow thickening rate of the precipitates.
6. hcp→fcc stacking faults within the precipitates are rare. However, due to Ag segregation, the precipitates are surrounded by Ag-rich layers that retain the fcc structure. This is likely to be responsible for earlier reports of high densities of stacking faults in γ ′ precipitates.
7. The abundance of excess Ag at the precipitate-matrix interfaces implies that the growth of γ ′ precipitates is not initially controlled by the availability of solute (i.e. diffusional control) but is instead subject to interface control, most likely due to the difficulty of nucleating additional ledges.
